Both ovariectomy (Ovx) and gastrectomy (Gx) induce osteopaenia in rats and humans. While the effect of Ovx has been ascribed to oestrogen deficiency, the underlying mechanism behind Gx is poorly understood. Alendronate, oestrogen and parathyroid hormone (PTH) are known to prevent the osteopaenia induced by Ovx in rats. The purpose of the present study was to determine whether alendronate, oestrogen or PTH could also prevent Gxevoked osteopaenia. Rats were Ovx-, Gx-, or were sham-operated (Sham) and were then treated with alendronate (50 µg/kg/day), oestrogen (10 µg/kg/day) or PTH(1-84) (75 µg/kg/day) for eight weeks. At sacrifice, serum PTH was unaffected by surgery (Ovx, 64 8 pg/ ml; Gx, 75 13 pg/ml; Sham, 58 11 pg/ml). The bone mineral density (BMD) of the fifth lumbar vertebra (L5) was analysed. Ovx and Gx reduced the BMD (ash weight/volume) of the L5 by 15 4% and 22 3% respectively. Trabecular BMD and the cortical bone mineral content (BMC) of the femur were assessed using peripheral computed tomography. Both Ovx and Gx markedly reduced trabecular BMD in the metaphyseal area of the distal femur (Ovx, 37 7%; Gx, 49 7%). The cortical BMC of the femur was only slightly reduced. Alendronate prevented trabecular bone loss after both Ovx and Gx, while oestrogen and PTH prevented trabecular bone loss after Ovx but not after Gx.
Introduction
The ovariectomized (Ovx) rat is an established animal model for testing ways to prevent and treat postmenopausal osteoporosis (Wronski et al. 1985 , Yamazaki & Yamaguchi 1989 , Kalu 1991 , Thompson et al. 1995 . Oestrogen deficiency results in increased bone turnover with excess bone resorption and significant loss of trabecular bone (Bagi et al. 1997) . In cortical bone, an increased bone turnover rate results in endocortical resorption. However, this is compensated by accelerated periosteal growth and the net cortical bone loss is small or non-existent (Turner et al. 1987 , Bain et al. 1993 . Gastrectomy (Gx), i.e. resection of the glandular part of the stomach, also leads to osteopaenia in the rat (Klinge et al. 1995 , Rümenapf et al. 1997 , Mühlbauer et al. 1998 , Gepp et al. 2000 , Stenström et al. 2000 , Surve et al. 2001a . In humans, gastrectomy results in osteopaenia via mechanisms that are poorly understood due to difficulties in performing clinical studies which differentiate between many putative factors acting simultaneously (Tovey et al. 1991 , 1992 , Melton et. al. 1999 , Heiskanen et al. 2001 . However, in the rat studies have been performed which rule out calcium malabsorption (Persson et al. 1993 , Rümenapf et al.1997 , LehtoAxtelius et al. 2002 , Surve et al. 2002 , vitamin D deficiency (Axelson et al. 1991 , Rümenapf et al. 1997 , loss of gastric acid (Persson et al. 1993 ) and secondary hyperparathyroidism (Rümenapf et al. 1997 , Mühlbauer et al. 1998 , Wojtyczka et al. 1998 as being the major causes of Gx-evoked bone loss. Gx-evoked osteopaenia differs in some respects from that induced by Ovx (Surve et al. 2001a,b) , suggesting that the underlying mechanisms are different. Both Ovx and Gx affect trabecular bone and at times also cortical bone. In addition, however, Gx induces a quite spectacular effect in the calvaria of the rat (Klinge et al. 1995 , Mühlbauer et al. 1998 , Surve et al. 2001a .
Osteoporotic patients are currently treated with oestrogen or bisphosphonates. Oestrogen replacement is the most common treatment of post-menopausal osteoporosis (Cosman & Lindsay 1999) . Bisphosphonates, such as alendronate, reduce fracture risk because they increase bone mass by reducing bone turnover (Ravn et al. 1996 , Cummings et al. 1998 , Fisher et al. 1999 . Parathyroid hormone (PTH) is an anabolic hormone, which has attracted attention recently as a potential remedy for osteoporosis. Animal studies (Mitlak et al. 1996 , Sato et al. 1997 as well as clinical studies (Rosen & Rackoff 2001) have shown that PTH, when administered intermittently, exerts an anabolic effect on bone. The anabolic action of PTH is most evident in trabecular bone while cortical bone mass is either unaffected or only moderately increased. However, if PTH is administered continuously it has a catabolic effect on bone (Dempster et al. 1993 (Dempster et al. , 1995 .
In the present study, we assessed the ability of alendronate, oestrogen, and PTH to prevent osteopaenia in the rat following Gx or Ovx. The purpose of the study was to explore whether the osteopaenia induced by Gx and Ovx responded similarly to preventive treatment with any of these drugs. Bones were removed and examined after 8 weeks of preventive drug treatment.
Materials and Methods

Animals
Ninety-six female, three-month-old Sprague-Dawley rats were obtained from M&B, Skensved, Denmark. The rats were allowed an acclimatisation period of seven days prior to the start of the study. The animals were maintained in groups of three in Macrolon cages, on a 12 h light/12 h darkness cycle with access to standard rat food pellets (1·0% calcium and 0·7% phosphorus, Lactamin, Vadstena, Sweden) and tap water available ad libitum. Body weights were determined at the beginning of the study and weekly thereafter. In order to prevent anaemia, Gx rats were injected with 400 µg/kg vitamin B 12 (Betolvex, Dumex, Copenhagen, Denmark) and 20 mg/kg iron (Fe 3+ )sorbitol (Jectofer, AstraZeneca, Södertälje, Sweden) by the intramuscular route once every second week (beginning the first week after surgery). The experiments had been approved by the local animal welfare committee before the study started.
Experimental design
The rats were randomly assigned to one of three groups and then subjected to various types of surgery ( Fig. 1) : gastrectomy (Gx, n=32), ovariectomy (Ovx, n=32), and sham-operation (Sham, n=32) . The three groups were subdivided into four treatment groups (8 rats in each). Drug treatment started the day after surgery. The drugs were administered on a daily basis for eight weeks. The treatment groups were: Sham+vehicle (sesame oil), subcutaneous injection (s.c. inj.), Sham+50 µg/kg/day Figure 1 Experimental design. Rats were subjected to sham operation (Sham), ovariectomy (Ovx), or gastrectomy (Gx). The three groups (32 rats in each) were subdivided into four preventive treatment groups (vehicle, alendronate, oestrogen and PTH, 8 rats in each). The drugs were administered on a daily basis for eight weeks, starting on the day after surgery.
alendronate (corresponding to an effective daily dose of 10 µg compound phosphorus per kg; alendronate hydrochloride was synthesised at AstraZeneca R&D, Mölndal, Sweden), s.c. inj., Sham+10 µg/kg/day oestrogen (oestradiol-3-benzoate, Boehringer Ingelheim, Germany), s.c. inj., Sham+75 µg/kg/day PTH (human recombinant PTH(1-84), Allelix Biopharmaceuticals, Mississauga, ON, Canada), s.c. inj., Ovx+vehicle, Ovx+alendronate, Ovx+ oestrogen, Ovx+PTH, Gx+vehicle, Gx+alendronate, Gx+oestrogen, and Gx+PTH. Citrate buffered saline (10 mM, pH 5·5) was used as vehicle for PTH. Saline was used as vehicle for alendronate. The doses chosen have been shown to be effective in preventing Ovx-induced osteopaenia (Wronski et al. 1988 , Seedor et al. 1991 , Shen et al. 1995 .
The rats were killed under isoflurane (Forene, Abbot, Abbot Park, IL, USA) anaesthesia by exsanguination (cardiac puncture). Blood was drawn and serum was stored at 20 C until analysis (for gastrin and osteocalcin). Uteri were removed, and wet weights were recorded. Femurs, tibiae, and the fifth lumbar vertebrae (L5) were dissected out and cleaned of soft tissue. Each L5 was wrapped in saline-soaked gauze and stored at 20 C until determination of bone density. The left femurs and tibiae were fixed in 10% formalin for four days at 4 C, washed thoroughly thereafter and stored in 70% ethanol at 4 C.
Surgery
Before surgery, the rats were anaesthetised with an intraperitoneal injection of ketamine hydrochloride (Ketalar, Parke-Davis, Barcelona, Spain) and xylazine (Rompun, Bayer, Leverkusen, Germany) at doses of 90 and 4·5 mg/ kg respectively. Gx was performed by resection of the glandular part of the stomach and anastomosing the rumen to the duodenum . Successful Gx was verified by the demonstration of reduced concentrations of gastrin in serum. Ovx and sham operations were performed using an abdominal approach (mid-line abdominal incision). Successful Ovx was verified by demonstrating reduced uterine weight (data not shown). There was no mortality in the Ovx or Sham groups. In the Gx group the mortality was about 10%.
Measurement of serum gastrin, osteocalcin and PTH
Determination of serum gastrin was performed as previously described (Stadil & Refeld 1973) . Rat gastrin-17 was used as standard. The concentration of gastrin in serum was expressed as pmol equivalents of rat gastrin-17 per litre. Serum osteocalcin was measured using a commercially available enzyme-linked immunosorbent assay (Rat-MID Osteocalcin ELISA, Osteometer BioTech, Herlev, Denmark). The concentration of osteocalcin was expressed as ng equivalents of rat osteocalcin per ml. Serum PTH was measured using a commercially available immunoradiometric assay (Rat PTH IRMA, Immunotopics Inc., San Clemente, CA, USA). The concentration of PTH in serum was expressed as pg equivalents of rat PTH(1-34) per ml.
Measurement of bone mineral density
The volume of the vertebral body of L5 (with the two epiphyseal ends, the posterior pedicle arch, and the spinous process removed, height 4 mm) was determined by Archimedes' principle. The vertebrae were subsequently incinerated at 600 C for 12 h; the resulting ash was weighed after cooling in a desiccator. The ash weight divided by the volume gave the bone mineral density (BMD, mg/cm 3 ).
Peripheral quantitative computed tomography (pQCT)
Computerised tomography was performed with the Stratec pQCT XCT Research M (Norland Corp., Fort Atkinson, WI, USA) specifically modified for use on small bone specimens (software version 5·4B; operating at 70 µm resolution) (Rosen et al. 1995 , Windahl et al. 1999 , Andersson et al. 2001 . The machine was calibrated with a standard of hydroxyapatite embedded in acrylic plastic. pQCT was used to analyse cross-sections of the distal metaphysis and mid-diaphysis of the left femur. During the measurements the excised femurs were placed in a test tube filled with 70% ethanol. Metaphyseal scans were performed to measure the trabecular BMD (mg/cm 3 ). The scout view of the pQCT system was used to locate the growth plate. The metaphyseal scan line was positioned 2·5 mm proximal to the distal growth plate. This area of the femoral metaphysis is rich in trabecular bone. The trabecular bone region was defined as the inner 45% of the scanned bone area. Cortical BMD (mg/mm 3 ) was determined in a 0·1 mm cross-section of the middiaphysis. This scan was also used to determine geometrical parameters such as the cortical thickness (mm), the cortical cross sectional area (mm 2 ), the periosteal circumference (mm), the endocortical circumference (mm) and the cortical bone mineral content (BMC, mg/mm). The inter-assay coefficient of variation for the pQCT measurements was less than 2%. The lengths of the femur and tibiae were also determined at the same time.
Statistical analysis
The results are presented as means S.E.M. The effects of drugs or the effects of surgery were analysed by one-way analysis of variance (ANOVA); P<0·05 was considered statistically significant. Whenever statistically significant differences were found between the various experimental groups by ANOVA, individual differences were assessed by post hoc analysis (Dunnett's test).
Results
Body weights and skeletal dimensions of bones
Ovx rats gained weight more rapidly than Gx or shamoperated rats (Table 1) . Oestrogen treatment reduced the body weight gain of Ovx rats but not that of Gx and Sham rats. Neither PTH nor alendronate treatment affected the final body weights in any of the groups.
The lengths of the tibia and femur were not adversely affected by surgery. The length of the tibia was reduced by alendronate treatment in Sham and Ovx rats and was slightly reduced by oestrogen in Ovx rats. No effects on the lengths of the tibia or femur were noted in the other groups (Table 2) .
BMD
The BMD (ash weight/volume) of L5 was determined. Ovx and Gx reduced the BMD by 15 4% (P<0·05) and 22 3% (P<0·05) respectively ( Fig. 2A) . Compared with vehicle treatment, alendronate raised the BMD of L5 in both Ovx (34 5%, P<0·05) and Gx (21 3%, P<0·05) rats, but not in sham-operated rats. No effects of oestrogen were seen in any of the groups. PTH significantly increased the BMD in the L5 of Ovx and sham-operated, but not of Gx rats (P<0·05).
L5 contains both trabecular and cortical bone. In order to determine whether the main effects of surgery and of the preventive drug treatments were on trabecular or cortical bone, the trabecular BMD in the metaphysis and the cortical bone in the mid-diaphysis of the femur were measured using pQCT. Eight weeks after surgery both Ovx and Gx rats had a significantly reduced trabecular BMD in the distal femur (Ovx, -37 7%, P<0·05; 
Statistical significance was assessed for the differences between the sham-operated rats and each of the two surgery groups or between the vehicle-treated groups and each of the three drug-treated groups. Gx, -49 7%, P<0·05) (Fig. 2B) . Alendronate modified the loss of trabecular BMD in all three surgery groups, while PTH and oestrogen prevented the trabecular osteopaenia induced by Ovx but not that induced by Gx. In contrast to trabecular bone, cortical bone responded poorly to both Gx and Ovx as well as to the preventive drug treatment (Table 3) . However, the cortical thickness was reduced -albeit moderately -in all Gx groups compared with Sham, while Ovx seemed to be without effect on cortical bone. Oestrogen-treated Ovx rats showed a reduced periosteal and endocortical circumference compared with oestrogen-treated sham-operated rats.
Serum gastrin, osteocalcin and PTH
The serum concentration of gastrin was low in all Gx groups at sacrifice while it was normal in all other groups (Gx, 23 1 pmol/l; Ovx, 74 4 pmol/l; Sham, 72 4 pmol/l (P<0·05 ANOVA)). The serum concentration of osteocalcin, a marker of bone formation/ turnover, was increased in Ovx rats but not in Gx rats (Fig.  3) . Alendronate and oestrogen treatment suppressed the serum osteocalcin concentration in the Ovx rats to Sham levels. The serum concentration of PTH at sacrifice was unchanged in all groups (Gx, 75 13 pg/ml; Ovx, 64 8 pg/ml; Sham, 58 11 pg/ml (not significant, ANOVA)).
Discussion
Ovx and Gx cause osteopaenia in both rats and humans. Although both Ovx-evoked and Gx-evoked osteopaenia reflect decreased formation and accelerated degradation and turnover of bone, the pathogenetic mechanisms behind the bone loss seem to differ (Surve et al. 2001a,b) . Gx reduces the percentage of bone in the calvaria and lowers the trabecular and cortical bone content. Ovx affects trabecular bone (and only affects cortical bone to a minor extent) but not calvarial bone (Surve et al. 2001b) . Today, bisphosphonates and oestrogen replacement are used clinically to treat osteoporosis and soon PTH will be available as an additional treatment option. In this study we examine whether alendronate, oestrogen or PTH will prevent the osteopaenia induced by Ovx or Gx in rats. This is the first study in which these three drugs have been used in an attempt to prevent Gx-evoked osteopaenia. Our results confirm that alendronate and oestrogen are able to prevent the trabecular bone loss induced by Ovx (Wronski et al. 1988 , Seedor et al. 1991 . In addition, we show that PTH at a dose previously shown to be effective in the treatment of an established Ovx-evoked osteopaenia (Shen et al. 1995 ) also prevented Ovx-induced bone loss. In contrast, Gx-induced bone loss could be prevented by alendronate but not by PTH or oestrogen. Thus, the evidence suggests that the mechanism behind the Ovxevoked osteopaenia in rats differs from that induced by Gx. Both Ovx and Gx were found to induce a significant decrease in the BMD of L5. The vertebral body is rich in trabecular bone but contains also significant amounts of cortical bone. In order to determine whether the main effects of Ovx and Gx were on trabecular or cortical bone we measured the trabecular BMD in the metaphysis of the distal femur using pQCT. Cortical bone was measured in the mid-diaphysis of the same femur. The trabecular BMD was reduced following Ovx and Gx while the cortical BMC was unaffected, indicating that Ovx as well as Gx primarily affect trabecular bone. However, in the Gx group a reduced cortical thickness was observed. This was not the case in the Ovx group. These results are in accordance with those that have been reported previously (Wronski et al. 1985 , 1988 , Surve et al. 2001a .
Ovx was associated with an increased body weight, which was prevented by treatment with oestrogen, confirming the results of several earlier studies (Yamazaki & Yamaguchi 1989 , Kalu 1991 . The effects of oestrogen on body weight and uterine weights (data not shown) demonstrate that a functional dose of oestrogen was given. This dose of oestrogen reversed the Ovxinduced trabecular bone loss but did not prevent the Gx-induced osteopaenia. This finding indicates that the trabecular bone loss following Gx is initiated and driven by a mechanism other than that causing Ovx-evoked osteopaenia.
Alendronate prevented both Ovx-induced and Gxinduced trabecular bone loss while no effect was seen on cortical bone. The exact mechanism of action for alendronate, as well as other bisphosphonates, is not well understood. The antiresorptive effect of bisphosphonates impairs the final steps in bone remodelling, directly interfering with the activated osteoclasts. Once internalised within the osteoclasts, it is thought to interfere with the mevalonate-to-cholesterol pathway (Bergstrom et al. 2000) . The reduced length of the tibia observed in this study has been described previously with a similar dose of alendronate (Seedor et al. 1991) . The fact that alendronate prevented the Gx-evoked trabecular bone loss supports the view that calcium malabsorption is not responsible for the bone loss (Lehto-Axtelius et al. 2002 , Surve et al. 2002 .
Intermittent injections of PTH result in an anabolic effect on bone in both Sham and Ovx rats (Dempster et al. 1993 (Dempster et al. , 1995 . Although most studies of the in vivo effects of PTH have been performed on Ovx rats with established osteopaenia, PTH has been given at different dosages to 
Statistical significance was assessed for the differences between the sham-operated rats and each of the two surgery groups ( # P<0·05) or between the vehicle-treated groups and each of the three drug-treated groups (*P<0·05) (ANOVA).
intact or sham-operated rats (4-7 weeks old) for relatively short periods of time (6-24 days) (Hock et al. 1988 , Gunness-Hey & Hock 1989 , Hock & Gera 1992 , Uzawa et al. 1995 , Frolik et al. 1999 . These studies have shown an increase in the trabecular bone volume (measured by histomorphometry) of 15-100%. In a fairly recent study by Frolik et al. (1999) , 4-week-old male rats were treated with PTH(1-34) (equivalent of 100 µg/kg/day PTH(1-84)) for 4 weeks. As a result, the BMD in the metaphysis of the proximal tibia was increased by 52%. In the present study we treated 3-month-old female rats with PTH for 8 weeks. The increase in trabecular BMD in the metaphysis of the distal femur following PTH treatment of sham-operated rats was not statistically significant. Interestingly, PTH prevented the Ovx-evoked but not the Gx-evoked bone loss. The results of the present study confirm earlier observations that intermittent PTH treatment prevents Ovx-induced trabecular bone loss (Dempster et al. 1993 (Dempster et al. , 1995 . However, as seen for oestrogen, the anabolic/protective effect of PTH seen in the Ovx rats was not apparent in the Gx rats, supporting the notion that the mechanism behind Gx-induced osteopaenia differs from that behind Ovx-induced osteopaenia.
Biochemical markers of bone turnover, such as serum osteocalcin, are widely used clinically to monitor the metabolic activity of the bone (Woitge & Seibel 2001) . Our study showed elevated serum osteocalcin concentrations 8 weeks after Ovx, and this elevation was suppressed by alendronate or oestrogen. These findings are consistent with previous results (Shen et al. 1995 , Frolik et al. 1996 . Although previous studies (Shen et al. 1993 , Meng et al. 1996 have reported increased osteocalcin levels following PTH treatment in Ovx rats, this study failed to show statistical significance. However, PTH prevented the Ovx-induced bone loss. On the other hand, PTH raised the serum osteocalcin concentration in the Gx rats, suggesting an increased rate of bone formation (Woitge & Seibel 2001) . However, this was not associated with an altered bone mass. Again, the mechanism behind Gx-induced osteopaenia seems to differ from that behind Ovx-induced osteopaenia.
There is a frequently voiced suspicion that nutritional deficiencies cause or at least contribute to the Gx-evoked osteopaenia. This suspicion is triggered by earlier observations that the normal body weight gain is slowed down by Gx (see e.g. Klinge et al. 1995) . However, it is unlikely that either the Gx-induced or the Ovx-induced osteopaenia is a result of generalised nutritional deficiency, as in this study neither the Gx group nor the Ovx group were growth retarded (see also Surve et al. 2001a,b) . A specific deficiency of calcium is also unlikely because previous reports have described a lack of effect of calcium supplementation (Persson et al. 1993 , Klinge et al. 1995 , 2002 and because the serum PTH concentration was unaffected by surgery (this study). Vitamin D deficiency is known to cause impaired absorption and osteomalacia (Imawari et al. 1980) . This is unlikely to be the cause of the Gx-evoked osteopaenia since the serum concentration of 1,25-dihydroxyvitamin D 3 is raised following Gx (Axelson et al. 1991 , Rümenapf et al. 1998 . Elevated levels of 1,25-dihydroxyvitamin D 3 could be caused by secondary hyperparathyroidism. However, there was no evidence of hyperparathyroidism in this study confirming several observations made earlier (Mühlbauer et al. 1998 , Rümenapf et al. 1998 , Wojtyczka et al. 1998 . It may be argued that removal of the acid-producing part of the stomach may cause acidosis with consequences for calcium/bone metabolism. However, complete inhibition of gastric acid secretion by proton pump inhibitors does not cause osteopaenia (Persson et al. 1993) . Hence, the results support the view that the stomach is important for bone metabolism through mechanisms that are unrelated to dietary deficiencies or lack of gastric acid.
In conclusion, PTH and oestrogen prevented Ovxinduced but not Gx-induced trabecular bone loss, suggesting that the mechanism behind the trabecular bone loss in Gx rats differs from that in Ovx rats. In contrast, the bisphosphonate alendronate prevented both Gx-and Ovx-induced trabecular bone loss. The preventive effect of alendronate but not of oestrogen or PTH on Gxinduced bone loss supports the notion that the mechanism of action for the bone-sparing effect of these substances differs. The ability of alendronate, and probably also other bisphosphonates, to prevent Gx-evoked osteopaenia in the rat, might be of potential clinical interest when dealing with post-Gx osteopaenia in humans. 
